The di-photon decay channel of the lightest Higgs boson is considerd as a probe to explore CP violation in the Minimal Supersymmetric Standard Model (MSSM). The scalar/pseudo-scalar mixing is considered along with CP violation entering through the Higgs-sfermion-sfermion couplings, with and without light sparticles. The impact of a light stop on the decay width and Branching Ratio (BR) is established through a detailed study of the amplitude of the process H 1 → γγ. The other sparticles have little influence even when they are light. With a suitable combination of other MSSM parameters, a light stop can change the BR by more than 50% with a CP-violating phase φ µ ∼ 90 • , while the change is almost nil with a heavy stop.
Introduction
Despite its success to describe the physics of elementary particles there are strong hints that the Standard Model (SM) is only an effective theory valid up to the TeV range, and new physics is needed to explain particle dynamics (much) beyond this energy scale. Among many others Supersymmetry (SUSY) is one of the most favoured scenarios and will be explored for in all possible ways at the upcoming Large Hadron Collider (LHC) at CERN. Furthermore, one of the main tasks of the LHC is the search for Higgs bosons, i.e. the we analyse the full range 0
• ≤ (φ µ , φ A ) ≤ 180
• in the following. The CP-violating SUSY phases can in principle be determined directly in SUSY particles production and decay at high energy colliders [6] , [15] - [23] or indirectly via their radiative effects on the Higgs sector [6, 17] . Here we focus on the di-photon decay mode, H 1 → γγ, of the lightest neutral Higgs boson H 1 , which involves direct, i.e leading, effects of the SUSY phases through couplings of the H 1 to SUSY particles in the loops (see Fig. 1 ) as well as indirect, i.e. sub-leading, effects through the scalar/pseudo-scalar mixing yielding the Higgs mass-eigenstate H 1 . The di-photon decay mode is important for the study of CP-violating effects in the MSSM Higgs sector for two reasons. On the one hand, it is the most promising channel for the discovery of a light neutral Higgs state with mass between 80 and 130 GeV at the LHC [24, 25] . On the other hand, the coupling strength of the dominant CP-violating terms of the di-photon decay width which depend on µ and A f (with f = b, t, τ , hereafter) is of the same order, O(α 3 ), as that of the CP-conserving ones. The entire gg/qq → H 1 → γγ process can be factorised exactly into three parts: the production process, the Higgs propagator and the decay channel. (Herein, we will adopt this factorisation in Narrow Width Approximation, thereby neglecting small corrections of O(Γ H 1 /M H 1 ), as Γ H 1 ≪ M H 1 for a light Higgs state.) In this process, effects of CP violation can occur through the aforementioned couplings in the production, through a possible mixing of Higgs states at one-loop and above in the propagator and through the same couplings in the decay. CP violation in the production of a Higgs state in the gluon-gluon fusion process at hadron colliders was studied first by [26] , choosing a parameter space region which is not sensitive to the CP mixing of the Higgs states, and later by [16, 28] , including the presence of CP mixing of the Higgs states 5 . Effects of CP mixing in the propagator are discussed separately but in great detail in [20] . A detailed study of the other MSSM Higgs decay channels in presence of CP violation can be found in [15] - [20] , [27] - [31] 6 . Results of a random parameter space scan to understand the general behaviour of the BR(H 1 → γγ) for non-zero φ µ values are reported in [33] . It has been seen that about 50% deviations are possible for M H 1 around 104 GeV for φ µ = 100
• , and an average of 30% deviation occurs over the mass range 90-130 GeV. Masses around and below 110 GeV show a decrease in the BR for non-zero φ µ values, while masses above this value show an increase. Certain individual parameter space points were also discussed in [33] . Specifically, |A f | = 1.5 TeV, |µ| = 1 TeV, tan β = 20 was considered as a benchmark scenario. Then, by choosing (a) MŨ = 250 GeV, it was demonstrated that the light stopt 1 has a strong impact on our decay mode, through the µ and the trilinear couplings A f , which is quite different from the effects due only to the (one-loop) change of the H 1 W + W − coupling (discussed in [28] ). In Ref. [33] , it was also noticed that the effect of a lightt 1 is in the opposite direction as compared to that due to modifications of the H 1 coupling to the SM particles.
In this article we will consolidate the results of [33] by a detailed discussion of the following points:
The decay mode H i → γγ, i = 1, 2, 3, is discussed by Ref. [28] along with Higgs production through gluon-gluon fusion. However, that study was confined to MSSM parameter space regions with suitably heavy sparticlesf andχ ± where CP-violating effects are only due to the changed SM particle (especially W ± ) couplings to the H 1 and effects of sparticles in the triangle loops entering the decay amplitude are negligible. Here we examine the complementary region of MSSM parameter space with light sparticles so that they contribute substantially to the latter. In particular, we will show that, in the presence of non-trivial CP-violating phases, regions of MSSM parameter space exist where the couplings of the Higgs bosons to all sparticles in the decay loops are strongly modified with respect to the CPconserving MSSM, thereby inducing dramatic changes on the H 1 → γγ width and Branching Ratio (BR).
We have analysed the Higgs decay widths and BRs with the publicly available Fortran code CPSuperH [36] version 2, which is based on the results obtained in Refs. [15] - [18] and the most recent renormalisation group improved effective-potential approach, which includes dominant higher-order logarithmic and threshold corrections, b-quark Yukawa-coupling resummation effects and Higgs boson pole-mass shifts [27, 37] . CPSuperH calculates the mass spectrum and decay widths of the neutral and charged Higgs bosons in the general CPviolating MSSM including the phases of A f and µ. Furthermore, it computes all the couplings of the neutral Higgs bosons H 1,2,3 and the charged Higgs boson H ± to SM particles and their superpartners.
The open non-SM parameters of the model now include: the higgsino mass |µ|, its phase φ µ , the charged Higgs mass M H ± , the soft gaugino masses M a , the soft sfermion masses of the third generation M (Q 3 ,Ũ 3 ,D 3 ,L 3 ,Ẽ 3 ) , the (unified) soft trilinear coupling of the third generation |A f | and its phase φ A f .
In our analysis we fix the following SUSY parameters:
whereas the following parameters are varied as given below:
• tan β = 2, 5, 20, 50
• |A f | = 500 GeV, 1.5 TeV
• (whereas the CP-violating effects in the sparticle sector depend on both φ µ and φ A f , the leading CP-violating effects on the Higgs sector, as stated above, are proportional to Im(µA f ), and so we opted to fix φ A f to 0
• and varied only φ µ )
• |µ| = 500 GeV, 1 TeV For this analysis, threshold corrections induced by the exchange of gluinos and charginos in the Higgs-quark-antiquark vertices [38, 39] were not included. While these corrections may change the actual values of the width and BR, we expect it to be the same for both CP-conserving and CP-violating cases. The situation will be different if φ 3 , the phase of M 3 , could be non-zero. As mentioned in the introduction, we have considered the case of a common phase for the gaugino mass terms, which is rotated away making M a (a = 1, 2, 3) real.
The mass of the lightest neutral Higgs boson, M H 1 , is sensitive to the value of φ µ chosen. This dependence on φ µ along with that on other SUSY parameters is illustrated in • to 90
• is about 10 %, in the case of tan β = 20 or above it is about 1 % or less. Notice that the relevant parameters here are |A f | and |µ| and M H 1 is found to increase with increasing |A f | while its dependence on |µ| is basically negligible. In the bottom row of Fig. 2 we plot the M H 1 dependence on M H ± for two representative values of |A f |, 0.5 and 1.5 TeV, by keeping tan β = 20 and |µ| = 1 TeV. • , while green, magenta and orange curves correspond to φ µ = 90
• . m 2 ) grow linearly with M H + with almost the same slope, and lying close to each other. In the CP-conserving case one of these is a pseudo-scalar, while the other is a scalar. The other eigenvalue (m 3 ) corresponds to a scalar eigenstate, and is more or less independent of M H + . At M H + ∼ 150 GeV all three CP-conserving eigenstates are degenerate with eigenvalues around 120 GeV. In the M H + 150 GeV region h 1 is the lightest, while in the M H + 150 GeV region it is h 3 which is the lightest. When we order such that the lightest is H 1 , there is a transition from
For other values of tan β, A f and µ the situation is very similar, with small shifts in the actual values of M H + and the degenerate mass where the cross over happens. In the CP-violating case with non-zero value of φ µ , there is mixing between scalar and pseudo-scalar states. For larger values of M H + the lightest Higgs state, H 1 , is almost a pure scalar, hence we will not be subject to any CP violation through mixing. The only possible way to have CP violation here is through the H 1ff * coupling, especially that of the stop quark. We restrict to regions of parameter space with small M H + where the effect of mixing as well as that due to a complex φ 1,2ff
* coupling are present. At large M H + values there will be scalar/pseudo-scalar mixing in the heavier Higgs states, H 2 and H 3 . (We will not discuss the two heavier states in the present article though.) Tabs. 1 and 2 illustrate selected values of the H 1 , H 2 and H 3 masses for sample choices of M H ± when φ µ = 0
• and 90
• in the presence of a light stop and otherwise, respectively. Mass shifts can typically be of a few percent, particularly for light Higgs masses, in the former case while they are negligible in the latter.
Next we analyse the Higgs mixing matrix for the parameters tan β = 20, |A f | = 1.5 TeV, |µ| = 1 TeV, as an example of a generic pattern over the entire MSSM parameter space. We show the mixing matrix elements in Fig. 4 . In the CP-conserving case (φ µ = 0
• ) H 1 is mostly φ 1 below M H + ∼ 150 GeV and mostly φ 2 above it. H 2 is the pseudo-scalar (a) below M H + ∼ 150 GeV while above M H + ∼ 150 GeV it is mostly φ 1 . H 3 on the other hand is mostly φ 2 below M H + ∼ 150 GeV and is the pseudo-scalar above this value. Indeed there is some mixing between φ 1 and φ 2 in the transition region. For the maximum value of φ µ = 90
• the lightest (H 1 ) is mostly the pseudo-scalar below M H + ∼ 150 GeV, H 2 is mostly φ 1 and H 3 is mostly φ 2 . Above this region H 1 is mostly φ 2 , H 2 is mostly a and H 3 is mostly φ 1 . There is of course some mixing (albeit small) between all the three states (especially in the transition region). For values of φ µ in between 0
• mixing could be large, as demonstrated by the case of φ µ = 40
• in Fig. 4 . Similar features also happen between φ µ = 90
• and 180
• (the other CP-conserving value). Concentrating on H 1 , the lightest eigenstate, we have plotted the relevant mixing matrix elements in Fig. 5 for two cases with and without the presence of a lightt 1 , which shows that indeed the mixing is affected by the presence of a light stop.
These CP-mixing effects feed into the decay amplitude of Eq. (4) through couplings of the H i 's to the SM and SUSY particles in the loop (see Fig. 1 ) at one-loop and tree-level, respectively. In Figs. 6-10 we show different contributions to the amplitude of H 1 → γγ. Clearly, the SM contribution is dominant in all cases. Among the major contributions within the SM, that from the W ± loop is about 5 times larger than the top quark contribution for the whole range of M H + (for the chosen set of SUSY parameters), while the bottom quark and tau lepton contributions are about an order of magnitude smaller over the lower range of M H + (except around 100 GeV) and negligibly small for larger values. Magnitudes of both the W ± and top quark contributions grow with M H + , which is a reflection of the fact that these couplings are proportional to the mixing matrix element O 21 . When all SUSY states are heavy (Fig. 6 ), all sparticle (and H + ) contributions to the real part of S γ 1 are two or three orders of magnitude smaller than the SM term. The exception is the chargino contribution, which is at the most 10%. The effect of a lightt 1 (Fig. 7 ) enters in two different ways. Firstly, it affects the SM couplings to H 1 through loop corrections (compare top left plots in Figs. 6 and 7 ). This is more prominent when φ µ = 180
• . Effects due to change in φ µ are different from the case with no light sparticle. Secondly, thet 1 contribution (top middle plot in Fig. 7 ) is now comparable (about 40% in the CP-conserving case) to that of the SM. Contributions of other sparticles are not changed much going from larger to smaller masses of the respective sparticle as shown in Fig. 8 . In Fig. 9 contributions to the real part of P γ 1 are plotted against M H + . These terms come through the pseudo-scalar component in H 1 . Since the squarks, sleptons and the charged Higgs boson do not couple to a, only SM objects and charginos contribute to P γ 1 . For the CP-conserving case it vanishes as expected. When φ µ is non-zero H 1 has an a component and there is a non-vanishing P γ 1 , as illustrated by the curve corresponding to φ µ = 90
• in Fig. 9 . Figure 10 shows the imaginary parts of S γ 1
and P γ 1 which are sensitive to the value of φ µ . For the H 1 mass range considered here only the SM contribution is complex. Again, P γ 1 being the contribution from a coupling to the (s)particles, its imaginary part vanishes in the CP-conserving cases. The H 1 → γγ width is not sensitive to the sign of Im P γ 1 , therefore the difference between the cases of lightt 1 and no light sparticle is not very dramatic.
From our MSSM parameter space scans, the following generic features on the sensitivity of width and BR to the CP-violating phase, φ µ , have emerged. The effect is most pronounced around the crossing region (M H + ∼ 150 GeV). This is expected since the scalar/pseudo-scalar mixing in H 1 is largest here. For much higher values of M H + , H 1 is purely a scalar. There can still be a CP-violating effect through its sfermion couplings though. The latter will be more visible when there is a light-sparticle in the loop (a stop, in particular). For M H + < 150 GeV there is still sufficient mixing to have substantial difference in the BR. But in this region M H 1 is also changed by about 10 to 15% between φ µ = 0
• and φ µ = 90
• . We will however concentrate on the region M H + > 150 GeV, where M H 1 > 115 GeV for the parameter sets considered. Moreover, the effect of φ µ = 0 on M H 1 in this region is within 1 GeV, which is less than the experimental uncertainty expected at the LHC. In particular, we have learnt that the width and BR of the decay H 1 → γγ are very sensitive to thet 1 mass. The effect comes through both a modification of the H 1 W + W − couplings and the presence of a light t 1 in the triangle loops of the decay amplitude.
As it is unfeasible to present all the results of our scan, we have picked out a few different discrete choices of the relevant MSSM parameters and plotted width and BR against M H + for the latter in Figs. 11-18. We choose five representative values between 0
• for the phase of µ 7 . Fig. 11 is with |A f | = 1.5 TeV, |µ| = 1 TeV and tan β = 20. Comparing the two cases of MŨ 3 = 250 GeV and MŨ 3 = 1 TeV there is a qualitative difference in the sensitivity to φ µ . This is also true for Fig. 12 , which assumes |A f | = 1.5 TeV and tan β = 20, but a smaller |µ| = 500 GeV. In the first case there is an increase in the BR over the region M H + > 150 GeV (and decrease over the region M H + < 150 GeV) as φ µ is switched on. This relative change with φ µ is maximised for some value of φ µ around 40
• , beyond which the change in BR decreases again to about 50% at φ µ = 180
• . In the second case there is no such a trend as there is a 50% increase in the BR for φ µ = 90
• at M H + ∼ 200 GeV and the effect grows larger for φ µ > 90
• . Other general features are the following. The dependence on φ µ decreases with lower values of |µ| as seen from Fig. 12 . The value of φ µ with maximum BR in the presence of a lightt 1 decreases compared to the case when |µ| = 1 TeV. In contrast, a smaller value of |A f | = 500 GeV (Figs. 13 and 14) keeps the picture qualitatively the same for the two cases of light and heavyt 1 : e.g., in the region M H + > 150 GeV, the BR increases with increasing φ µ . But, while in the first case (MŨ 3 = 250 GeV) there is a 50% increase for φ µ = 90
• at M H + = 200 GeV, in the second case (MŨ 3 = 1 TeV) there is a reduction of less than 20%. Again, the deviations can be substantially larger for φ µ > 90
• . Sensitivity 
Conclusion
In this paper, we have demonstrated that the decay channel H 1 → γγ is particularly suitable to probe the possible presence of CP-violating effects in the MSSM. This mode is in fact not only very sensitive to variations of the coupling H 1 W + W − pertaining to the dominant SM loop -induced from mixing amongst Higgs states via one-loop effects (as shown in previous literature) -but also to contributions of a lightt 1 in the triangle-loop defining the decay process -which is in fact a tree-level effect induced by a complex µ parameter (while the trilinear coupling A t is taken real).
In particular, our detailed analyses indicate that studies of the di-photon channel of a light Higgs boson (with mass below 130 GeV or so) found at the LHC may eventually enable one to disentangle the CP-violating case from the CP-conserving one, so long that the relevant SUSY parameters entering H 1 → γγ are measured elsewhere. This is not phenomenologically unconceivable, as the H 1 → γγ detection mode requires a very high luminosity, unlike the discovery of those sparticles (and the measurement of their masses and couplings) that enter the Higgs process studied here. Furthermore, while explicit CP violation could affect the mass of the lightest Higgs state of the underlying SUSY model, we have restricted ourselves to regions of parameter space where -for an identical choice of all SUSY inputs but φ µ , the only relevant phase in the scenarios considered here -the difference between the M H 1 values in the CP-violating case and CP-conserving one are below the experimental uncertainty on the determination of such a quantity, so that it would not be possible to confirm or disprove the existence of complex parameters in the SUSY Lagrangian by solely isolating a H 1 resonance.
A complete analysis will eventually require to fold the decay process studied here in Narrow Width Approximation with propagator effects and the appropriate production mode (gluon-gluon fusion and Higgs-strahlung in this case), where similar CP-violating effects may enter. This will be done in a future publication [34] . Finally, as argued in the Introduction, for the scenario we considered here, with very heavy squarks and vanishing trilinear couplings for the first and second generations, we can evade the EDM constraints on the CP-violating phases. A detailed analysis of this is also deferred to future work. . 
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